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 Abstract 
 For the first time, the impedance spectrum of live Jurkat T-lymphocytes human 
cells was characterized in a single sweep spanning six decades of frequency from 9 kHz 
to 9 GHz. The ultrawide bandwidth bridged the traditional impedance spectroscopy at 
kilohertz to megahertz frequencies with the recently developed microwave dielectric 
spectroscopy, which can probe the cell interior without being hindered by the cell 
membrane. Based on the measured scattering parameters and a simple cell model, an 
equivalent circuit of four nondispersive elements, including membrane resistance, 
membrane capacitance, cytoplasm resistance, and cytoplasm capacitance, was extracted 
and found sufficient to explain the so-called β relaxation over the frequencies measured. 
The extracted cell parameters were in general agreement with the literature. However, 
the presently extracted membrane capacitance of 0.4 pF and cytoplasm resistance of 0.75 
MΩ are on the low and high end of the literature, respectively. This could be explained 
by having separated out the shunt effects of the membrane resistance and cytoplasm 
capacitance, respectively. In fact, the present membrane resistance and cytoplasm 
capacitance, at 2.8 MΩ and 10 fF, respectively, are believed to be more reliable due to 
the low-conductivity solution and the microwave frequency used.  
 Meanwhile, sensitivity analysis was carried out for extracting lumped cell 
characteristics such as membrane resistance and cytoplasm capacitance from the 
scattering parameters. The scattering parameters were measured on a coplanar waveguide 
with a Jurkat cell trapped by dielectrophoresis either in a series or shunt configuration. 
The sensitivity analysis validated our previous empirical observation that the insertion 
loss of a series-trapped cell and the return loss of a shunt-trapped cell were most sensitive 
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to the cell impedance. Additionally, the membrane resistance and cytoplasm capacitance 
were most sensitive to low- and high-frequency scattering parameters, respectively 
 Furthermore, the dissertation presents a novel in situ single-connection calibration 
using biocompatible solutions, which is demonstrated in single-cell characterization from 
0.5 GHz to 9 GHz for the first time as well. The characterization is based on quickly 
trapping and detrapping the cell by dielectrophoresis on a coplanar waveguide (CPW) 
with a small protrusion in one of its ground electrodes, which doubles as the calibration 
standard when covered by different liquids. Consistent with theoretical analysis, the 
difference in the transmission coefficient increases with increasing frequency and is 
generally smaller than the difference in the reflection coefficient. With improved 
accuracy and throughput, the calibration technique may enable broadband electrical 
characterization of single cells in a high-speed cytometer. 
  
3 
 
 Introduction 
 Microwaves in Biomedical Applications 
 Health care becomes a global problem with increasing attention these years. Efforts 
have been made to improve quality of care or fight against diseases. The use of 
microwaves in medical applications grows rapidly in different fields: surgery and 
treatment of tissues [1], wireless communication and power transfer for implants [2], 
microwave imaging for breast cancer [3], understanding of cell topography and 
architecture [4], etc. Microwave technology starts to play a tremendous role in biomedical 
applications to make more affordable and functional health care. Thanks to the great 
foresight about the RF-field interactions with the biological samples, the microwave 
technology can be indeed applied to the biological applications. The results can be 
summarized from the three major dispersions, as indicated in Fig. 1-1 [5], in which α-
dispersion is due to ionic diffusion process of the folded inner membrane system of the 
cell. β-dispersion is due to Maxwell-Wagner polarization effects where cellular 
membrane is charged or orientation of permanent dipoles. γ-dispersion is due to the 
 
 
 
Figure 1-1. Relative dielectric constant versus frequency and the three major dispersions [5]. 
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orientation relaxation of water. Microwave biosensing at GHz range provides information 
to study the broadband dielectric property of target samples at cell level, according to 
different dispersive situations. 
 To study the cells of interest in the specific frequency range, different measurement 
techniques are also considered. For example, impedance analyzer covers the frequency 
range of 10 Hz to 107 Hz which is corresponding to the α-dispersion. Network analyzer 
involves in the research from 107 Hz to 1010 Hz. In the time domain, measurement 
systems between 10-6 Hz and 1010 Hz can be applied but with reduced accuracy. A survey 
of measurement techniques in different frequency as presented in Fig. 1-2 [6]. 
 Integration of Electrical Detection and Microfluidics 
 First demonstrated in [7], a test structure for sensing biological cells based on a 
coplanar waveguide with a defected ground structure demonstrates a broadband 
 
Figure 1-2. Survey of measurement techniques used in the frequency range from 10-6 Hz to 1015 
Hz [6]. 
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impedance match and enough sensitivity for both time and frequency domain 
measurement with or without load. The reason why we mainly chose coplanar waveguide 
(CPW) as our test structure is because the well-studied planar structure can easily be 
implemented for RF measurement purpose and combined with the microfluidic technique. 
However, the solution was dropped to the sensing region manually without any precise 
control in the volume and location. Thus, for a precise and reproducible research, the 
integration of electrical sensor and microfluidics becomes a necessary. Also, to maintain 
cells in a fluid while minimizing microwave absorption, microfluidic channels must be 
used [8], [9]. 
 The development and improvement in the micro/nano fabrication technology 
extremely stimulate the researches in the electrical detection due to the use of the 
microfluidic channel where controllable and small volume liquid is applied. Biological 
researches have then been miniaturized into micro devices from tissue level to cell level 
including immunoassays, separation of proteins and DNA, sorting and manipulation of 
cells [10]. Emerged in the 1980s, microfluidics studies the science of small volumes of 
fluids inside a channel in the range of micron size, which perfectly fits the development 
of the biomedical application [11], [12] shown in Fig 1-3. Fig. 1-3(a) showed the method 
to fabricate microfluidic channel over the CPW structure [11]. Fig. 1-3(b) showed the 
model used to characterize and de-embed different parts of the measurement structure. 
Top view of the device had been shown in Fig. 1-3(c). The device under test was shown 
in Fig. 1-3(d).  
6 
 
 
 Motivation 
 High-performance biological cell detection at single cell level are needed for future 
bio-detection and bio-surveillance. Traditionally, cell detection is accomplished through 
chemical or optical means for which sophisticated instruments such as DNA sequencers 
or flow cytometers are commercially available. DNA sequencers can be very specific but 
are slow and destructive.  Optical cytometers can be fast and sensitive to single cells 
and their vitality, but often require labeling which may alter their physiological state. In 
comparison, electrical cell detection can be label-free and nondestructive with high 
 
    (a)      (b) 
 
    (c)      (d) 
Figure 1-3. Examples of integration of electrical detection together with microfluidic channels 
[11], [12]. (a) The method to fabricate microfluidic channel over the CPW structure. (b) The 
model used to characterize and de-embed different parts of the measurement structure. Top view 
of the device had been shown in (c). The device under test was shown in (d). 
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throughput. To this end, cytometers capable of measuring the electrical properties of 
single cells are also commercially available as Coulter counters [13]. However, they can 
suffer from the dilemma of cell clogging or solution parasitics [14]. Cell clogging occurs 
if a narrow channel is used to increase the cell-to-sample volume ratio, whereas solution 
parasitics are aggravated if a wide channel is used to prevent cell clogging. Additionally, 
Coulter counters typically use discrete frequencies on the order of MHz or lower, which 
made them unduly sensitive to the size and shape variations of individual cells, as well as 
the polarization layers formed in the solution between the cells and electrodes [15]. For 
these reasons, Coulter counters are usually optimized for a special purpose such as for 
counting human blood cells.  
 To resolve the problems encountered by Coulter counters and to evolve a general-
purpose electrical detection technique, broadband microwave measurement [16] is used 
to overcome electrode polarization. It uses AC dielectrophoresis (DEP) to precisely place 
cells between narrowly spaced electrodes for maximum cell-to-sample volume ratio, and 
relatively wide microfluidic channels to prevent cell clogging.  
 There are many other techniques such as dielectrophoresis (DEP) or electrorotation 
(ROT) [17]-[21] which were used to characterize the cell while the frequency range was 
limited below the 100 MHz, because the main crossover frequency of the 
dielectrophoresis happened at such rather low frequency. The crossover frequency means 
the frequency point where the direction of DEP force changes. Even though a lot of 
models had been published to characterize the broadband dielectric properties, it was still 
not broadband enough (< 100 MHz) for a microwave engineer. Although the 
measurement setup at the low frequency is cheaper and simpler, the rather low frequency 
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they used would limit their measurement of the interior properties of the cell. In those 
models, the interior properties mostly had been assumed to be a constant value as pure 
water. Compared to other techniques, broadband electrical detection can have additional 
advantages. For example, based on the different dispersion characteristics, live and dead 
cells can be differentiated at MHz frequencies, cell types can be identified at GHz 
frequencies, and surface functionality can be detected at THz frequencies [5]. As such, 
broadband electrical detection can yield a wealth of information. After we fully 
characterize the broadband dielectric properties, we can easily distinguish the type as well 
as the sub-cellular structure of the biological sample quickly with only one sweep over 
the frequency. Those broadband knowledges are also useful to locate the most sensitive 
frequency range for our measurement at the beginning. It will point out a way for the 
design improvement in the future. However, many challenges remain for broadband 
electrical detection, such as impedance matching, calibration, modeling, and data analysis 
as described later.  
 Broadband electrical detection of single cells involves measurements highly 
mismatched in both size and impedance. Typically, broadband transmission lines 
approximately 100-μm wide are used [22], which require careful transition down to 
micrometers to match the cell size. At microwave frequencies, the capacitance of the cell 
membrane (~1 pF) is largely bypassed, so that the electrical properties of the cell are 
dominated by the cytoplasm resistance (~105 Ω), which is much higher than the 
characteristic impedance (Z0 = 50 Ω) of most microwave measurement systems. It is 
especially critical in broadband detection for which the signal-to-noise ratio is usually 
much lower than that of narrowband resonance [23] or interference [24] techniques. 
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 Despite these challenges, broadband electrical detection at or near the single-cell 
level has recently been demonstrated [25], [26]. Cells need to be kept alive in solutions 
which tend to absorb microwave signals. Therefore, microfluidics must be used to 
minimize the solution volume while delivering cells smoothly. Cell trapping either 
mechanically [25] or electrically [26] between the detection electrodes maximizes the 
cell-to-sample volume ratio while allowing relatively wide microfluidic channels to be 
used to prevent clogging. Whereas electrical trapping does not perturb fluid flow as much 
as mechanical trapping does, in both cases, the trapped cell can be repeatedly sampled to 
increase the signal-to-noise ratio.  
 Although cell trapping can result in high cell-to-sample volume ratios, it is still 
necessary to characterize the supernatant solution and to de-embed its parasitic effect 
from the measured data. In fact, using the broadband over-determined data and 
sophisticated modeling, electrical characteristics of subcellular structures may be 
extracted [27], [28]. Additional complications can be caused by solution conductivity, 
which can be minimized by resuspending cultured cells in isotonic solutions such as 
sucrose. However, as cells die, they may release ions into the solution making it again 
conductive. This can be prevented by a continuous flow to wash away the ions as they 
are released.  
 To illustrate how the above-described approaches may be used to overcome the 
challenges for broadband detection, this thesis presents a novel characterization technique 
with broadband impedance match and low loss, as well as the novel calibration technique 
to de-embed the reference plane directly to the channel walls. 
10 
 
 Organization of the Dissertation 
 After introducing the microwaves in biomedical applications and associated 
significant topics and motivations in Chapter 1, the ultra-wideband impedance 
spectroscopy of biological cells from theoretical derivations to practical measurements 
and modeling are discussed in Chapter 2. The novel single-shell cell circuit model 
involving cytoplasm and membrane’s resistance and capacitance has been built and 
analyzed in detail in Chapter 2. Following the measurement, modeling and analyzation, 
Chapter 3 presents the unique microwave calibration technique, multistage single-
connection calibration, which is aimed for liquid calibration in the microwave 
microfluidics platform. The theory, algorithm and validation have been discussed and 
presented in this Chapter. In Chapter 4, broadband electrical characterization of a live cell 
with in situ single-connection calibration has been presented. Finally, the conclusions of 
this dissertation and recommendations for future research are presented in Chapter 5.  
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 Ultra-wideband Impedance Spectroscopy of 
Biological Cells 
 Modeled Dielectric and Impedance Spectrum 
 For simple-minded electrical engineers, a biological cell can be represented by a 
single-layer model with a spherical membrane enclosing a homogenous cytoplasm and 
separating it from a homogeneous solution (Fig. 2-1) [1]. The membrane can be assumed 
to be a perfect insulator with a dielectric constant kM = εM / ε0 and a thickness dM, where 
εM and ε0 are permittivity of membrane and vacuum, respectively. The cytoplasm can be 
assumed to have a dielectric constant kC = εC / ε0, a conductivity σC, and a diameter dC. 
Traditionally, these dielectric properties of a cell were characterized at megahertz or 
lower frequencies where εM dominates. The observed dispersion characteristics were 
 
Figure 2-1. A simple three-layer cell model. 
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modeled by a resistor in series or shunt with a frequency-dependent capacitor, which was 
linked to the dispersion in εM according to either the  Debye or Cole-Cole model [2]. Yet, 
as early as 1955, Schwan, “father of bioengineering”, hypothesized three main dispersion 
mechanisms, α, β and γ, for the dielectric constant and conductivity of tissues [3], which 
was soon extended to cell suspensions [4]. As shown in Fig. 2-2, the α dispersion was 
attributed to ion motion; the β dispersion was attributed to membrane charging, and the γ 
dispersion was attributed to water vibration [5]. 
 However, in terms of impedance spectroscopy, a cell can be regarded as a complex 
impedance: 
 1Z R j C  , (2-1) 
 
Figure 2-2. Hypothesized versus estimated dielectric constant (dashed curve) and conductivity 
(dotted curve) of a biological cell. The estimates are based on an equivalent circuit of four 
nondispersive elements: membrane resistance, membrane capacitance, cytoplasm resistance, and 
cytoplasm capacitance. 
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where R and C are often attributed to the cytoplasm and cell membrane, respectively, and 
ω = 2πf is the angular frequency proportional to the frequency f of the electrical sensing 
signal. However, at kilohertz-megahertz frequencies, the signal can barely penetrate 
through the membrane, and the measured resistance may be dominated by the membrane 
resistance RM instead of the cytoplasm resistance RC. Additionally, the so-called 
“cytoplasm” resistance and capacitance are actually “intracellular” resistance and 
capacitance, with the effects of cytoplasm, nucleus and other organelles lumped together. 
 In terms of dielectric spectroscopy, a cell can be regarded as a homogenous 
dielectric particle having a complex permittivity 
 0k j     , (2-2) 
where k is the dielectric constant, ε0 is the vacuum permittivity, and σ is the conductivity. 
Again, at kilohertz-megahertz frequencies, the signal can barely penetrate through the 
membrane, and the measured dielectric constant may be dominated by that of the 
membrane kM instead of that of the cytoplasm kC. 
 Equations (2-1) and (2-2) are theoretically equivalent but relating them is not trivial. 
It involves many assumptions for the cell shape (spherical or not), the cell diameter dC, 
and the membrane thickness dM. Often the electric field is assumed to be uniform and 
unperturbed by the cell. The relationship is even more complicated when cell suspensions 
are sampled, so that a mixture model such as the Maxwell-Wagner model [6] must be 
used to de-embed cell properties from that of the solution used to keep the cell alive. The 
situation is further complicated by the polarization layers formed next to the electrodes 
due to ion movement in response to the sensing signal at low frequencies [7]. To 
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overcome the above-mentioned challenges, this chapter focuses on single-cell ultra-
wideband (UWB) impedance spectroscopy with a simple model and a minimum number 
of assumptions. Specifically, it focuses on impedance spectroscopy instead of dielectric 
spectroscopy, because the former can be more directly measured with fewer assumptions, 
especially in single-cell measurements. 
 When f >> 1 MHz, ions are too slow to respond to the signal and the signal can 
penetrate through the cell membrane to sample its interior. In this case, a cell can be 
highly dispersive with different relaxation frequencies such as ωα, ωβ, and ωγ 
hypothesized more than sixty years ago [4] and illustrated schematically in Fig. 2-2. As 
the result, frequency dependence is often added to equations (2-1) and (2-2) so that 
 
     1Z R j C    
, (2-3) 
and 
 
 ... 
1 1 1j j j
 
  
 
 
     

 
   
  
, (2-4) 
where ∆εα, ∆εβ, and ∆εγ represent the step heights across different relaxation frequencies 
and ε∞ represents the high-frequency limit. The physical meaning of frequency-dependent 
resistance and capacitance in equation (2-3) is questionable. Although equation (2-4) 
follows the well-known Debye formula, most materials are not dispersive below 100 
MHz [8].  
 In [9], impedance spectroscopy was advanced to the single-cell level up to 40 GHz, 
so that not only the signal could readily penetrate through the cell membrane, but also the 
complications due to mixture modeling and electrode polarization could be avoided. 
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Although a very attractive development, the lower frequency was limited by the typical 
vector network analyzer (VNA) to approximately 100 MHz, which had the opposite effect 
of making it difficult to extract membrane properties. It also made it difficult to relate the 
recent results obtained at microwave frequencies with the earlier results obtained at 
kilohertz-megahertz frequencies. 
 In [10], we first used an ultra-wideband (UWB) VNA to characterize cells from 9 
kHz to 9 GHz, which allowed us not only to avoid the limitations of using only kilohertz-
megahertz frequencies or gigahertz frequencies, but also to relate the present result with 
the rich literature. Additionally, we hypothesized that the dispersion of a cell did not 
necessarily originate from the dispersion of its individual compartments. Rather, the 
dispersion of a cell could be due to the heterogeneous combination of nondispersive 
compartments. Specifically, we were able to simulate the  relaxation of [4] from 1 kHz 
to 10 GHz by using an equivalent circuit of three nondispersive elements CM, RC, and CC, 
where CM and CC are the capacitances of membrane and cytoplasm, respectively. This 
chapter further expands the equivalent circuit to include four elements: RM, CM, RC, and 
CC. It also describes the theoretical analysis, experimental validation, and literature 
comparison in detail 
 Fig. 2-3 illustrates a simple cell model comprising a spherical membrane enclosing 
homogeneous cytoplasm [11], thus lumping the contribution from the nucleus and other 
organelles together with that of cytoplasm as mentioned earlier. Typically, the properties 
of the membrane and cytoplasm are such that dM  10 nm [12], dC  10 μm, kM  10 [8], 
kC  100 [13], σM  104 S/m [14], and σC  1 S/m [15]. For Jurkat T-lymphocytes human 
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cells used in the present experiment, we confirmed by a Coulter counter that their median 
diameter was 9.7 m. 
 Presently, the simple cell model without the complication of the solution can be 
used because: 1) The electrodes are in intimate contact with the cell as illustrated in Fig. 
2-4(b), because the electrode spacing at 10 m is comparable to the cell size. 2) Electrode 
polarization  is further reduced because cells are resuspended in isotonic sucrose solution, 
which has low conductivity yet is sufficient to keep cells alive for hours [16]. 3) Most of 
the electric field goes through the cell because the cytoplasm is more conductive than the 
solution, except at low frequencies when the field is blocked by the cell membrane. The 
field distribution has been confirmed by 3D finite- element full-wave electromagnetic 
simulation [17]. 
 The simple cell model can be used to relate equations (2-3) and (2-4). For order-of-
magnitude estimate, the cell can be further simplified as a 10 μm  10 μm  10 μm cube 
 
Figure 2-3. A simple single-shell (double-layer) model of a cell with four equivalent-circuit 
elements comprising membrane resistance RM, membrane capacitance CM, cytoplasm 
resistance RC, and cytoplasm capacitance CC. 
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that is covered by 10-nm-thick membranes on both the top and bottom surfaces. In this 
case, the cell can be represented by an equivalent circuit shown in Fig. 2-3 with four 
nondispersive elements 
 
2 1 MM M M CR d d   ,  (2-5) 
 
2
0 1 pFM M C MC k d d  ,  (2-6) 
 1 0.1 MC C CR d   ,  (2-7) 
 
(a) 
 
(b) 
Figure 2-4. (a) Photograph of the experimental setup for testing a CPW with a homemade probe 
station on an inverted fluorescence microscope. (b) Transmission micrographs of a Jurkat cell 
trapped near the middle of the CPW in the shunt configuration. Dark horizontal bands reflect 
metal electrodes, whereas dark vertical lines delineate microfluidic channel walls. 
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and 
 0 10 fFC C CkC d  ,  (2-8) 
 For impedance spectroscopy, the cell impedance according to the equivalent circuit 
of Fig. 2-3 is  
 
   
   
2 2
2 2
2
1 1
2
1 1
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M C
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j
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
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 
 
 
  
    ,  (2-9) 
where ωM = 1/RMCM  1 MHz and ωC = 1/RCCC  1 GHz. Since ωC >> ωM, equation (2-
9) can be evaluated at three frequency ranges of ω << ωM, ωM << ω << ωC, and ω >> ωC, 
respectively. 
 If ω << ωM, then 
 2 2M C MR R R R   ,  (2-10) 
and 
 
   
2 2
1
2 2
M
M M C C M
C
C
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 

, (2-11) 
where the approximation is justified by RM >> RC and ωC >> ωM. As expected, at the low-
frequency limit, the cell impedance is mainly due to membrane properties instead of 
cytoplasm properties. Specifically, for low-frequency impedance spectroscopy, equation 
(2-10) indicates that the resistance measured should not be mistaken as the cytoplasm 
resistance, and equation (2-11) indicates that the increasing capacitance with decreasing 
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frequency should not be mistaken as an increasing dielectric constant of either the 
membrane or the cytoplasm. 
 If ω >> ωC, then 
 
     
2 2 2
2 C CM
M C C
R RR
R
     
  
,  (2-12) 
and 
 
1
2 1
C
M C
C C
C C
 
 ,  (2-13) 
where the approximation is justified by CM >> CC and ωC >> ωM. As expected, at the 
high-frequency limit, the cell impedance is mainly due to cytoplasm properties instead of 
membrane properties. However, equation (2-12) indicates that the decreasing resistance 
with increasing frequency should not be mistaken as increasing cytoplasm conductivity, 
and equation (2-13) indicates that the constant capacitance implies a nondispersive 
cytoplasm dielectric constant. 
 If ωM << ω << ωC, then 
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,  (2-14) 
and 
 
 
2
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2 M C C
C
C C 


.  (2-15) 
 As expected, equations (2-14) and (2-15) indicate that, whereas the low-frequency 
cell impedance is mainly due to membrane properties, in the intermediate frequency range, 
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it is increasingly influenced by cytoplasm properties RC and CC through the weighing 
factors (ω/ωM)2 and (ω/ωC)2, respectively. 
 For dielectric spectroscopy, the cell admittance according to the equivalent circuit 
of Fig. 2-3 is 
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where GM = 1/RM, GC = 1/RC, and ω0 = 1/RCCM  10 MHz (f0  1 MHz). The 
approximation is justified by RM >> RC and CM >> CC. As expected, at the frequency 
limits ω2 << 2ω02RC/RM and ω2 >> 2ω02CM/CC, equation (2-16) approaches (GM + 
jωCM)/2 and GC + jωCC, which reflects membrane and cytoplasm properties, respectively. 
 From equation (2-2), 
 
 0 CY j k d    .  (2-17) 
 Equating (2-16) and (2-17), 
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 Using the order-of-magnitude estimates of dC, RM, CM, RC, and CC in equations (2-
5)(2-8), k and σ were calculated and found in qualitative agreement with that 
hypothesized by [4] and replicated in Fig. 2-2 using equations (2-18) and (2-19). It shows 
that the β relaxation can be captured by an equivalent circuit of four nondispersive 
elements RM, CM, RC, and CC. The analysis also shows that the β relaxation frequency 
around 1 MHz reflects the RCCM time constant; the nearly constant values of k and σ 
below the β relaxation reflect CM and RM, respectively; the nearly constant values above 
the β relaxation reflect CC and RC, respectively. Although an equivalent circuit does not 
necessarily reflect the underlying physical mechanism, the analysis above shows that 
dispersive cell characteristics do not necessarily imply dispersive cell compartments and 
may originate from heterogeneous combination of nondispersive compartments. 
 Experimental Setup and Measurement Protocol 
 Fig. 2-4(a) shows that the present setup for UWB electrical cell characterization 
comprises a homemade microwave probe station, on the top of a Nikon Eclipse Ti-E 
inverted fluorescence microscope equipped with a three-color video camera capable of 
100 frames/s for simultaneous electrical measurement and video recording. The probe 
station is the device under test (DUT) connected through a pair of Cascade Microtech 
ACP40 GSG probes to a Keysight Technologies E5080A vector network analyzer (VNA) 
for two-port measurement of scattering (S) parameters from 9 kHz to 9 GHz in a single 
sweep. The S parameters measured on the VNA were de-embedded to the probe tips using 
the short, open, load, and through standards of a Cascade Microtech 101–190 impedance-
standard calibration substrate. The DUT is also connected to a microfluidic channel with 
its flow rate of cell suspension controlled at approximately 0.1 μL/min by a syringe pump. 
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The DUT comprises a gold CPW, approximately 1 cm long and 0.5 μm thick, on the top 
of a 0.5-mm-thick quartz substrate. A microfluidic channel intersects the CPW at a right 
angle, which is formed by 20-μm-thick SU8 walls and a 5-mm-thick 
polydimethylsiloxane cover. With SU8 being a negative photoresist, the walls are 
lithographically defined to be 2.4 mm wide and 200 μm apart, leaving in between a 
microfluidic channel of 200 μm wide and 20 μm thick. Similarly, the width of the CPW 
center electrode is precisely tapered from 120 μm outside the channel to 10 μm inside the 
channel, while maintaining a constant spacing of 16 μm from the ground electrodes both 
inside and outside the channel. Fig. 2-4(b) shows that to trap a Jurkat cell in the shunt 
configuration, the middle of the CPW has a 6-μm protrusion in one of the ground 
electrodes. To validate the equivalent-circuit model in the following, live Jurkat cells 
were used due to their relatively large diameter, simple structure, and nonadherent nature. 
The cells were cultured under 5% CO2 at 37 °C in a media based on Sigma-Aldrich RPMI 
1640 with l0% fetal bovine serum, 100 unit/mL penicillin, and l00 μg/mL streptomycin. 
The cells were then washed with 8.5% sucrose plus 0.3% dextrose and twice resuspended 
to a concentration of approximately 3 × 106 cell/mL before injection through the 
microfluidic channel. In a separate experiment with Trypan Blue dye, more than half the 
cells were found alive after 10 h.[16] Trypan Blue was never used on cells subjected to 
electrical characterization, so that they remain label-free. Different from our previous 
multicell characterization experiments [16], the present UWB VNA was used not only 
for cell characterization, but also to trap a single cell by supplying the DEP signal at 10 
MHz and 3 dBm [18]. With a cell trapped in the gap of the CPW and visually confirmed 
through the microscope and video recorded as shown in Fig. 2-4, the syringe pump was 
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paused and the VNA was switched from the fixed-frequency mode to the sweep-
frequency mode while the power was decreased from 3 to −18 dBm for cell 
characterization. With rapidly successive S parameters measured with and without a cell 
trapped, the changes in the S parameters were calculated and used to extract cell 
characteristics. Such a differential measurement allowed the small difference with and 
without a cell to be reliably extracted. 
 Reproducible Broadband Measurement for Biological Cells 
 To extract cell characteristics from the S parameters measured on the VNA and de-
embedded to the probe tips, the equivalent circuit of Fig. 2-3 was expanded to include the 
CPW with a cell trapped, as shown in Fig. 2-5. The trapped cell was represented by the 
equivalent circuit of RM, CM, RC, and CC. Otherwise, the gap between the electrodes was 
simply represented by a shunt capacitance CA or CS associated with the air or sucrose 
 
(a) 
 
(b) 
Figure 2-5. (a) Equivalent circuits of a CPW comprising distributed sections  under air (Z0, θ0, 
R0) or SU8 (ZSU8, θSU8), and a lumped section under air (CGA, CA) or sucrose solution (CGS, CS) 
with shunt trap. The two variable resistors R0 represent the frequency-dependent loss of the entire 
CPW. (b) Equivalent circuits when a cell is trapped in shunt configuration where CS is replaced 
by a parallel R-C  circuit. 
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R0 R0Z0, θ0
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solution, respectively. The short sections of the CPW inside the microfluidic channel 
were represented by shunt capacitance CGAor CGS, depending on whether the channel was 
empty or filled. Outside the channel, the CPW sections under SU8 and air were 
represented by distributed transmission lines with characteristic impedances ZSU8 and Z0, 
respectively, and electrical lengths  SU8 and  0, respectively. The above model 
parameters were extracted by the optimization module of Keysight’s Advanced Design 
System with initial values estimated by Ansys HFSS simulation. The parameters are 
overdetermined and uncorrelated. The loss of the entire CPW was captured in a frequency 
dependent resistance R0. Table 2-1 lists the equivalent-circuit element values extracted 
from S parameters measured with the microfluidic channel empty or filled. Fig. 2-6 shows 
that the S parameters simulated with the values listed in Table 2-1 agree with that 
measured except near the low- and high- frequency limits. At the low-frequency limit, 
both the return and insertion losses are not properly captured by the loss term R0, probably 
due to the double-layer formation[7]. Since this deficiency does not materially affect the 
 
Figure 2-6. Measured (solid) vs. simulated (dashed) magnitudes of S11 and S21 with the 
microfluidic channel filled with air (red) and sucrose solution (blue), respectively. 
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accuracy of the present differential measurement, linearly dispersive R0 is used to keep 
the equivalent circuit simple. For the same reason, the equivalent circuit does not 
explicitly account for water dispersion at the high-frequency limit. Overall, the smooth 
and low-loss S parameters across the ultra-wide bandwidth attest to the present CPW 
design and calibration techniques. The change in the S  parameters with a cell trapped, on 
the order of 0.01 dB or smaller, is not discernable on the scale of Fig. 2-6 and, hence, 
Table 2-1. Equivalent Circuit Parameters of the CPW with and without a Jurkat Cell 
Section Parameter Cell Sucrose Air 
Microfluidic 
Channel 
Membrane Resistance 
RM (MΩ) 
1.5 ± 0.3 
6.7 2.0 
Membrane Capacitance 
CM (pF) 
1.5 ± 0.3 
Cytoplasm Resistance 
RC (MΩ) 
0.4 ± 0.1 
Cytoplasm Capacitance 
CC (fF) 
6.4 ± 0.1 
Ground Capacitance 
CGS or CGA (fF) 
26 26 3 
CPW under SU8 
Characteristic Impedance 
ZSU8 (Ω) 
55 
Length @ 1 GHz 
θSU8 (º) 
1.4 
CPW under Air 
Characteristic Impedance 
Z0 (Ω) 
43 
Length @ 1 GHz 
θ0 (º) 
3.8 
Loss R0 (Ω) 10−9f (GHz) + 5 
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must be plotted separately. Fig. 2-7 shows the comparison of the measured and simulated 
changes (with respect to |S11| and |S21| measured without a cell trapped) in return loss |S11| 
and insertion loss |S21| for a single cell trapped. The measurement was repeated on three 
different cells as indicated by the error bars. These changes were used to extract cell  
 
(a) 
 
(b) 
Figure 2-7. Measured (symbol) vs. simulated (curve) changes in (a) return loss and (b) insertion 
loss for a CPW with a live Jurkat cell trapped in shunt configuration. Experiment repeated on 
three different cells. Simulation performed with RM = 1.5 M, CM = 1.5 pF, RC = 0.4 M, and 
CC = 6.4 fF. 
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characteristics, so that RM = 1.5 ± 0.3 M  , CM = 1.5 ± 0.3 pF, RC = 0.4 ± 0.1 M , and 
CC = 6.4±0.1 fF, as listed in Table 2-1. The error terms in RM, CM, RC, and CC were 
estimated by sensitivity analysis [19]. It can be seen in Fig. 2-7 that the measured and 
simulated changes are in general agreement. Table 2-2 [20]–[24]shows that the extracted 
RM, CM, RC, and CC values are in general consistent with not only the order-of magnitude 
estimate of equations (2-5)–(2-8), but also the literature. As mentioned before, the 
impedance of a cell is more directly measurable, whereas the dielectric constant and 
conductivity of a cell are inferred only after many assumptions for the cell size, cell shape, 
membrane thickness, etc. Therefore, to facilitate the comparison of Table 2-2, the 
dielectric constant and conductivity from dielectric spectroscopy measurements were 
converted to resistance and capacitance using a simple cubic cell of 103 μm3 as in 
equations (2-5)–(2-8). 
 In fact, in many cases listed in Table 2-2, instead of extracting from measured data, 
RC and  CC were estimated from the dielectric constant and conductivity of physiological 
saline [8], then included in an underdetermined cell model. We believe that, with CC being 
 
Table 2-2. Electrical Characteristics of a Jurkat Cell 
Bandwidth (MHz) RM (MΩ) CM (pF) RC (MΩ) CC (fF) Reference 
0.01−100 − 1.1 0.13 6 [20] 
0.01−100 3.6 1.4 0.15 6 [14] 
0.01−100 60−100 0.73−1.4 0.1−0.3 10−14 [21] 
ns pulses 20 0.76−1.0 0.5 − [22] 
0.01−10 2 1.2 0.3 6 [23] 
0.001−100 − 0.7 0.2 10 [24] 
0.009−9000 1.5 ± 0.3 1.5 ± 0.3 0.4 ± 0.1 6.4 ± 0.1 Present 
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on the order of 10 fF, it can only be reliably extracted at microwave frequencies such as 
in the present case. Lastly, RM appears to be more scattered, probably due to the solution 
effect at the low-frequency limit. By contrast, the solution effect is minimized presently 
by resuspending cells in the low-conductivity sucrose solution. 
 Sensitivity Analysis of Broadband Single-Cell Detection 
 Despite the initial success, many challenges remain in single-cell UWB impedance 
spectroscopy. This is mainly due to orders-of-magnitude mismatch in size and impedance 
between a cell and the measurement setup. In particular, the measurement sensitivity is 
strongly affected by the detailed electrode design. For example, we have successfully 
used dielectrophoresis (DEP) to trap a Jurkat T–lymphocyte human cell (Fig. 2-8) in the 
 
(a) 
 
 
(b) 
Figure 2-8. Transmission micrographs of a Jurkat cell trapped near the middle of a CPW in 
(a) series and (b) shunt configurations, respectively. Dark horizontal bands reflect metal 
electrodes, whereas dark vertical lines delineate microfluidic channel walls. 
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series or shunt configuration on a coplanar waveguide (CPW), and characterized its 
cytoplasm resistance and capacitance, respectively. However, since the cell impedance is 
much higher than the system impedance Z0 = 50 Ω, even with the cell trapped in the series 
configuration, most of the microwave signal is reflected (return loss |S11| ≈ 1) and little 
is transmitted (insertion loss |S21| ≈ 0). Whereas with a cell trapped in shunt configuration, 
most of the microwave signal is transmitted (|S21| ≈ 1) and little is reflected (|S11| ≈ 0). 
Therefore, it is critical to analyze how sensitive the scattering (S) parameters are to the 
variation of cell impedance, despite their magnitudes being nearly unity or nil.  
 To detect the small variation in nearly unity or nil S parameters, a measurement 
setup with a very wide dynamic range is necessary. To this end, 2-port measurements by 
a vector network analyzer (VNA) with 50-Ω system impedance can have a dynamic range 
greater than 100 dB, whereas the dynamic range of conventional 1-port measurements by 
an impedance analyzer rarely exceeds 40 dB. Furthermore, although impedance 
transformation and resonance techniques can be used to increase the measurement 
sensitivity, their bandwidth is very limited. Similarly, although interference techniques 
can be used to boost sensitivity, UWB nulling of an interferometer is impractical. As a 
matter of fact, the present rapidly successive measurements with and without a cell 
amount to interference measurements in the time domain instead of the spatial domain, 
which can negate the small drift of the measurement setup. 
 This section is based on [25], [26], and [16] by providing the analytical foundation 
to validate the previous empirical observations and the insight into future improvement. 
Also, it presents simpler but wider-band equivalent-circuit models, as well as new UWB 
data. 
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 For de-embedding the cell impedance, the equivalent circuits of Fig. 2-9 were first 
used to extract the CPW parameters without a cell trapped. The parameters that resulted 
in the best fit according to the circuit simulation and optimization by using the Advanced 
Design System from Keysight Technologies are listed in Table 2-3. The fringing 
capacitances through the PDMS cover or the quartz substrate over the UWB were so small 
that they were lumped in the grounding capacitances CGA or CGS. No inductance was 
included because the width of the microfluidic section at 200 µm is less than 1% of the 
wavelength at 9 GHz, whereas any inductance outside the microfluidic section was 
lumped into the CPW sections.  
 Fig. 2-10 shows the measured and simulated S parameters of the CPW with a series 
or shunt trap when the microfluidic channel is filled with air or sucrose solution. It can 
be seen in Fig. 2-10 that the insertion loss with a series trap and both the return and 
insertion losses with the shunt trap change significantly mainly at frequencies above 1 
 
Table 2-3. Equivalent Circuit Parameters of the CPW with and without a Jurkat Cell 
Section Parameter Cell Sucrose Air 
Microfluidic 
Channel 
Membrane RM (MΩ) 1.2 ± 0.2 
CS = 
6.7 pF 
CA = 
2.0 pF 
Membrane CM (pF) 0.4 
Cytoplasm RC (MΩ) 0.75 
Cytoplasm CC (fF) 6.4 ± 0.1 
Ground CGS or CGA (fF) 26 26 3 
CPW under 
SU8 
Characteristic ZSU8 (Ω) 55 
Length @ 1 GHz θSU8 (º) 1.4 
CPW under 
Air 
Characteristic Z0 (Ω) 43 
Length @ 1 GHz θ0 (º) 3.8 
Loss R0 (Ω) 10−9f (GHz) + 5 
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GHz. This is because, as listed in Table 2-3, the capacitance associated with the series or 
shunt trap when filled with air or sucrose (CA or CS) is on the order of 1 pF, which 
impedance becomes comparable to the 50-Ω system impedance only above 1 GHz. It can 
 
(a) 
 
(b) 
 
(c) 
 
(d) 
Figure 2-9. Equivalent circuits of a CPW comprising distributed sections  under air (Z0, θ0, R0) 
or SU8 (ZSU8, θSU8), and a lumped Π section under air (CA, CGA) or sucrose solution (CS,CGS) 
with a (a) series or (b) shunt trap. The two variable resistors R0 represent the frequency-
dependent loss of the entire CPW. When a cell is trapped in the (c) series or (d) shunt 
configuration, CS is replaced by a parallel R-C circuit. 
ZSU8, θSU8
Z0, θ0
ZSU8, θSU8CA or CS
R0 R0Z0, θ0
CGA or CGS CGA or CGS
ZSU8, θSU8
Z0, θ0
ZSU8, θSU8
R0 R0Z0, θ0
CA or CS
CGA or CGS CGA or CGS
ZSU8, θSU8
Z0, θ0
ZSU8, θSU8
R0 R0
R
C
Z0, θ0
CGSCGS
ZSU8, θSU8
Z0, θ0
ZSU8, θSU8
R0 R0
R C
Z0, θ0
CGSCGS
35 
 
also be seen that the present test setup takes full advantage of the approximately 100 dB 
dynamic range of 2-port measurements. Still, under 1 MHz, the insertion loss of a series 
trap [Fig. 2-10 (a)] is below the noise floor so that it cannot be reliably measured. Also, 
at such low frequencies both the return and insertion losses of a shunt trap [Fig. 2-10(b)] 
are not properly captured by the loss term R0, probably due to double layer formation[7]. 
 
(a) 
 
(b) 
Figure 2-10. Measured (solid) vs. simulated (dashed) return and insertion losses of a CPW with 
(a) series and (b) shunt traps filled with air (―) or sucrose solution (▬). 
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Despite the deficiency, linear R0 is used to keep the equivalent circuit simple.  For the 
same reason, the equivalent circuits do not explicitly account for water dispersion at 
microwave frequencies. It can also be seen that the present test setup exhibits smooth 
characteristics over many decades of frequency. Further expansion of the bandwidth will 
make the design and calibration of the test setup even more challenging. 
 The sensitivity analysis focuses on the parallel R-C cell impedance as shown in Fig. 
2-9(c) and Fig. 2-9(d). The impedances of the CPW sections and CGA or CGS are not 
considered here because they hardly change whether the trap is empty or filled with a cell 
as evidenced by the agreement between simulation and measurement in Fig. 2-10.  From 
the single-shell model, the cell impedance is shown as equation (2-1), where R and C can 
be derived as: 
 
   
   
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2 2
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 
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   
     
    ,  (2-20) 
For the typical values of RM, CM, RC and CC derived by equations (2-5) – (2-8), 
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 Thus, depending on the frequency range, R may be approximated by RM or RC 
whereas C may be approximated by CM or CC. However, there appear to be many 
examples in the impedance spectroscopy literature which attribute R to RM or RC and C 
to CM or CC without carefully examining their frequency dependence. Obviously, R ≈ 
RM at the low-frequency limit and C ≈ CC at the high-frequency limit. But, since many 
such examples are performed below 1/2πCCRC ≈ 100 MHz, their reported CC values are 
questionable.  
 To reliably extract RM, CM, RC and CC, the frequency dependence of S11 and S21 to 
R and C of a high-resistance (R >> Z0) cell in either series or shunt configuration are 
derived in the following. By symmetry, S22 = S11 and S12 = S21. Sensitivities to the 
magnitude and phase of the S parameters are derived in terms of Δ|S|/|S| and ΔS, 
because they are usually measured in ratio and absolute difference, respectively. 
2.4.1. High-Resistance Cell in Series Configuration 
 In this case, the reflection coefficient can be expressed as 
 
 11 0 02 2S R R Z j CRZ   ,  (2-22) 
 Thus, the return loss is 
 
   
2 2
11 0 02 2S R R Z CRZ   .  (2-23) 
 The sensitivity of the return loss to variations in the cell impedance is 
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,  (2-24) 
recalling R >> Z0. Therefore, depending on the measurement frequency, the return loss 
may be more sensitive to the cell resistance or capacitance. Specifically, the return loss is 
more sensitive to the cell resistance if 01 2C RZ  , but more sensitive to the cell 
capacitance if 01 2C RZ  . Using typical parameter values, 01 2 2C RZ ≈ 10
9 Hz, so 
that both 01 2C RZ   and 01 2C RZ   can be conveniently covered by the present 
UWB measurement setup. However, due to the R/2Z0 factor in the denominator, the 
sensitivity is low in any case, despite that |S11| is nearly unity with the cell in series 
configuration and appears easy to be measured. 
 The phase of the reflection coefficient is 
 
 111 0 0tan 2 2S CRZ R Z
      .  (2-25) 
 Therefore,  
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.  (2-26) 
 Equation (2-26) shows that the phase of the reflection coefficient is always more 
sensitive to the cell capacitance than to the cell resistance, independent of the frequency. 
However, the sensitivity is always low because ωCZ0 << 1 for the frequencies of interest. 
For example, using typical parameter values, 1/2πCZ0 ≈ 3  1011 Hz 
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 The transmission coefficient is 
 
 21 0 0 02 (1 ) 2 2S Z j CR R Z j CRZ       (2-27) 
 The insertion loss and its sensitivity to variations in cell resistance and capacitance 
are: 
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 Notice that because R >> Z0, 0 01 1 2 1CR C RZ CZ  , the measurement 
frequency can be divided into the above four ranges, although the highest range of ω >> 
1/CZ0 is beyond the present scope as stated before. On the other hand, using typical 
parameter values, 1/2πCR ≈ 107 Hz is well covered by the present UWB setup but not 
by a typical microwave measurement set up. Thus, depending on the frequency range, the 
insertion loss can be more sensitive to the cell resistance or capacitance. Whether the 
insertion loss is more sensitive to the cell resistance or capacitance, the sensitivity is 
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nearly unity at all practical frequencies. This underscores the importance of having a wide 
dynamic range to measure the nearly nil |S21| with the cell in series configuration. 
 The insertion phase is 
 
  21 221 0 0tan 2 2S CR R Z CR Z        .  (2-30) 
Therefore, 
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Thus, the insertion phase is equally sensitive to the cell resistance and capacitance if
01 2C RZ , but more sensitive to the cell capacitance if 01 2C RZ . However, the 
sensitivity is always low for all frequencies of interest. 
2.4.2. High-Resistance Cell in Shunt Configuration 
In this case, the reflection coefficient is  
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  .  (2-32) 
The return loss and its sensitivity to the cell impedance are: 
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Again, depending on the measurement frequency, the insertion loss can be more sensitive 
to the cell resistance or capacitance. Whether the return loss is more sensitive to the cell 
resistance or capacitance, the sensitivity is nearly unity for all frequencies of interest 
despite that |S11| ≈ 0 in this case.  
 The phase of the reflection coefficient and its sensitivity to cytoplasm resistance 
and capacitance are: 
 
  21 211 0 0tan 2 2S CR R Z CR Z          .  (2-35) 
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 The phase of the reflection coefficient is equally sensitive to the cell resistance and 
capacitance if 01 2C RZ , but more sensitive to the cell capacitance if 
01 2C RZ . However, the sensitivity is always low for all frequencies of interest. 
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 The transmission coefficient is 
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 The insertion loss and its sensitivity to the cell impedance are: 
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 The insertion loss is more sensitive to the cell resistance if 01 2C RZ , but 
more sensitive to the cell capacitance if 01 2C RZ . However, the sensitivity is 
always low for all frequencies of interest. 
 The insertion phase and its sensitivity to the cell impedance are: 
 
 121 0 0tan 2S CRZ R Z
      .  (2-40) 
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 The insertion phase is always more sensitive to the cell capacitance. However, the 
sensitivity is always low for all frequencies of interest. 
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2.4.3. Discussion 
 Based on equations (2-24), (2-26), (2-29), (2-31), (2-34), (2-36), (2-39) and (2-41), 
Tables 2-4 and 2-5 summarize, with the cell in series and shunt configurations, 
respectively, the sensitivity of the S parameters to either cell resistance or capacitance, 
whether dominated by the former or the latter. As shown in the above, these equations 
were derived rigorously except for the approximation under R >> Z0 denoted by “≈”. 
Therefore, Tables 2-4 and 2-5 are applicable for any high-resistance device under test, 
not just a biological cell. From Tables 2-4 and 2-5, near unity sensitivity can only be 
achieved in measuring the insertion loss with the cell in the series configuration, or the 
return loss with the cell in shunt configuration. However, limited by the present 
measurement setup, the insertion loss with the cell in the series configuration cannot be 
Table 2-4. Sensitivity of a High-resistance Cell in Series Configuration 
Change in 
Scattering 
Parameter 
1 CR   
0
1
1
CR
C RZ


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
 
0
0
1
1
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CZ
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
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C C
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
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
  
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 
  
  
   
1 R C
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R C
R C

  
 
 
  
  
   
02
C C
CZ
C C

 

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reliably measured below 1 MHz, whereas the return loss with the cell in shunt 
configuration cannot be reliably measured above 10 GHz.  
 On the scales of Fig. 2-10, the measured return and insertion losses of a CPW with 
and without a Jurkat cell trapped are indistinguishable. The difference is only visible 
when plotted as in Figs. 2-11 and Figs. 2-12. Only the difference in magnitude is plotted 
because the difference in phase is too noisy to be meaningful, as suggested by the analysis 
before. The experiment was repeated on five and three different cells for series and shunt 
configuration, respectively, with each cell measured only once. The error bars in Fig. 2-
11 and Fig. 2-12 reflect the heterogeneity of cells. 
 For typical R and C values, 1/2πRC ≈ 10 MHz. According to Table 2-4, the 
insertion loss is the most sensitive to R below 10 MHz and to C above 10 MHz. Fig. 2-
13 shows on expanded scales the measured differences in insertion loss for the series 
configuration along with simulated values with different combination of R and C values.  
Table 2-5. Sensitivity of a High-resistance Cell in Shunt Configuration 
Change in 
Scattering 
Parameter 
1 CR   
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1 R C
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It can be seen that the simulated insertion loss is indeed the most sensitive to R below 10 
MHz and to C above 10 MHz. By comparing the measured and simulated R below 10 
MHz and C above 10 MHz, it can be concluded that RM = 1.2 ± 0.2 MΩ and CC = 6.4 ± 
0.1 fF. Also, CM = 0.4 pF and RC = 0.75 MΩ as listed in Table 2-3. 
 
(a) 
 
(b) 
Figure 2-11. Measured (symbol) vs. simulated (curves) changes in (a) return loss and (b) 
insertion loss of a CPW with a live Jurkat cell trapped in the series configuration. Simulation 
performed with R = 1.2 MΩ and C = 6.4 fF. 
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 Fig. 2-14 shows similar results for a cell trapped in the shunt configuration. It can 
be seen that the simulated return loss is the most sensitive to R below 10 MHz and to C 
above 10 MHz, in agreement with Table 2-5. Comparing the measured and simulated R 
below 10 MHz and C above 10 MHz, it confirms that RM = 1.2 ± 0.2 MΩ and CC = 6.4 ± 
0.1 fF. Despite the relatively large scatter of the return loss at each frequency, its 
 
(a) 
 
(b) 
Figure 2-12. Measured (symbol) vs. simulated (curve) changes in (a) return loss and (b) 
insertion loss for a CPW with a live Jurkat cell trapped in the shunt configuration. Simulation 
performed with R = 1.2 MΩ and C = 6.4 fF. 
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frequency independence below 10 MHz allows RM to be overdetermined with relatively 
small uncertainty. This underscores the advantage of UWB measurement over narrow-
band measurement.  
 In summary, the experiments above confirm the prediction of Tables 2-4 and 2-5 
that the insertion loss of a series-trapped cell and the return loss of a shunt-trapped cell 
are most sensitive to the characteristics of a high-resistance cell, even though both losses 
 
(a) 
 
(b) 
Figure 2-13. Measured (symbols) vs. simulated (curves) changes in insertion loss for a CPW 
with a live Jurkat cell trapped in series configuration. Simulation performed with (a) R = 0.3, 1, 
and 3 MΩ, C = 6.4 fF and (b) R = 1.2 MΩ, C = 6.2, 6.4, and 6.6 fF. 
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are nearly nil. Tables 2-4 and 2-5 indicate also that the sensitivity of the phase of S 
parameters to R and C is generally low, in agreement with the empirical observation of 
[25] and [16]. The above examples not only validate Tables 2-4 and 2-5, but also illustrate 
how they can be used to guide experimental design.  Depending on which cell 
characteristic is of interest, a certain electrode configuration, frequency, and S parameter 
 
 (a) 
 
(b) 
Figure 2-14. Measured (symbols) vs. simulated (curves) changes in return loss for a CPW with 
a live Jurkat cell trapped in shunt configuration. Simulation performed with (a) R = 0.3, 1, 3 
MΩ, C = 6.4 fF and (b) R = 1.2 MΩ, C = 6.2, 6.4, and 6.6 fF. 
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can be chosen for the most sensitive measurement. For example, instead of sweeping 
through all frequencies, only three discrete frequencies, ω1, ω2 and ω3, may need to be 
sampled in a high-throughput measurement, where  
 
1 2 3
00
1 1 1 1
M C C C CC C
C R C R C ZC R Z
       
, (2-42) 
 The ranges of ω1, ω2 and ω3 for the present Jurkat cell are illustrated in Fig. 2-11(a). 
More frequencies can be selected in the future when the cell model advances beyond the 
single-shell model and the equivalent circuit advances beyond series or shunt R-C. 
 Tables 2-4 and 2-5 indicate that at low frequencies the S parameters are generally 
more sensitive to R than to C, which agrees with intuition. However, the frequency should 
not be so low that the measurement is complicated by electrode polarization and cell 
size/shape as in traditional electrical characterization at kilohertz frequencies. Moreover, 
since live and dead cells differ mainly in cytoplasm resistance than in capacitance, only 
signals much higher than 1/2πCMRC ≈ 1 MHz can bypass the membrane capacitance to 
sense the difference in the cytoplasm resistance and to readily distinguish a live cell from 
a dead one. 
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 Multistate Single-connection Calibration for 
Microwave-Microfluidics 
 Microwave-microfluidic devices integrate microwave circuits with microfluidics 
for quantitative electrical measurement of fluids [1]–[5]. This emerging field has the 
potential to advance industrial applications of impedance spectroscopy, including point-
of-care diagnostics and quality assurance for pharmaceutical and chemical manufacturers 
[4], [6]. For these commercial applications to be realized, it is important to accurately and 
quickly correct the electrical measurements of microwave-microfluidic devices for the 
attenuation and phase shift of the measurement leads and the standing waves between the 
fluid-under-test and the vector network analyzer (VNA) [7]–[11]. 
 Due to its basis in circuit theory, the on-wafer multiline thru-reflect-line (TRL) 
calibration algorithm [12] is the most accurate VNA calibration algorithm. However, like 
other calibration algorithms—e.g., load-reflect-match [13], [14], series-resistor [15], and 
short-open-load-thru [16], etc.—the multiline TRL calibration [17], [18] requires more 
than one calibration artifact. For on-wafer measurements, this requirement means one 
must move the wafer probes to contact different artifacts. For connectorized 
measurements, this problem is even worse, because the disconnect between artifacts can 
occur behind the reference plane of the microfluidic channel. Moving the probes or 
exchanging calibration artifacts has been shown to introduce connection errors between 
different measurements of the scattering (S-) parameters [19], which ultimately increases 
the measurement uncertainty [20]. Increasing the measurement uncertainty has the 
potential to overwhelm sample-to-sample differences or result in false-positive statistics, 
which may limit the motivating applications for microwave-microfluidics. Hence, a fast 
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and accurate calibration algorithm is needed; one that can be done on the microwave-
microfluidic device itself [21], [22] in a single connection without separate calibration 
artifacts. Such a multistate single-connection calibration would facilitate testing of 
 
(a) 
 
(b) 
 
(c) 
 
Figure 3-1. Diagram of the microwave-microfluidic device. (a) Schematic representation of 
different regions that are modeled. (b) Transmission-line model where 𝑍𝑜  is the system 
impedance, and 𝑍,  𝛾 and 𝑙 are the characteristic impedance, propagation constant, and length 
of regions under air, SU-8 and fluid as denoted by subscripts “a”, “s” and “f”, respectively. The 
substrate for all regions is quartz and the microfluidic channel side-walls are SU-8. (c) 
Measurement model for VNA without coupling between two ports. Error boxes 𝑋 and ?̅? are 
matrices to be determined by the calibration artifacts 𝐴 in the calibration procedure. 
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sources of uncertainty that limit the signal-to-noise ratio, the measurement drift of the 
VNA, and even the drift of the fluid sample itself. 
 Like previous work [23], the approach for calibrating microwave-microfluidic 
devices is to use fluids of known electrical properties to access different impedance states, 
and then use those standard artifacts to build an error model (Fig. 3-1) as in the series-
resistor calibration algorithm [15]. In lieu of the series resistor, we developed an 
algorithm for correcting the S-parameters of a microwave-microfluidic transmission line 
that uses known fluids as the calibration artifacts. Here, we show that a microfluidic 
channel filled with different known fluids enables a multistate single-connection 
calibration with the reference plane directly adjacent to the channel. This proposed 
calibration requires only two known fluids to correct the S-parameters of a microwave-
microfluidic device with an unknown fluid. The single-connection calibration results in 
S-parameter errors like those obtained with a microfluidic-multiline TRL calibration, 
which uses fluid-loaded transmission lines that have different lengths. Compared to the 
microfluidic-multiline TRL calibration, the multistate single-connection calibration 
greatly reduces measurement time and simplifies impedance spectroscopy. 
 Theory 
 The present microwave-microfluidic device had five regions [Fig. 3-1(a)], which 
are modeled as uniformly distributed transmission-line segments. We labeled each 
segment per the material above: air, SU-8, and fluid. As shown in Fig.3-2(b), the 
microwave-microfluidic device consisted of two air segments, two SU-8 segments, and a 
fluid segment. The air segments had length la , characteristic impedance Za , and 
propagation constant γa; the SU-8 segments had length ls, characteristic impedance Zs, 
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and propagation constant γs; the fluid segment had length lf, characteristic impedance Zf, 
and propagation constant γf. The reference impedance for the model [Fig. 3-2(b)] was Zo. 
The models for the calibration artifacts A  [Fig. 3-2(c)] were simply the microwave-
microfluidic device with different known fluids. 
 
Figure 3-2. Top and cross-section views of the microwave-microfluidic device.  (a) Photograph 
showing the device under test consisting of a gold coplanar waveguide (CPW) under a 
microfluidic chamber formed by a PDMS cover. (b) Micrograph showing microfluidic channel 
confined on the left and right by SU-8 walls. Microfluidic device for measuring S-parameters of 
a fluid in a single connect. The SU-8 (grey regions) formed the channel wall and confined the 
fluid to the fluid channel (light blue region), where the fluid flowed from left to the right in the 
measurement. (c) Cross-sectional dimensions of the CPW in the channel region, which is 850 𝜇𝑚 
long and 0.65  𝜇𝑚  thick with the widths of center electrode, electrode spacing, and ground 
electrodes being 50 𝜇𝑚, 5 𝜇𝑚 and 200 𝜇𝑚. 
c.
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 The calibration artifact models (A) require γf, Zf, lf, transmission (T-) matrix model 
of the transmission line, and impedance transformers [24]. From the telegrapher’s 
equations [25], we wrote γf, and Zf as 
 γf =  √(Rf + iωLf)(Gf + iωCf),  (3-1) 
and 
 Zf =  √
(Rf+iωLf)
(Gf+iωCf)
,  (3-2) 
where Rf , Lf , Cf , and Gf  were the distributed resistance, inductance, capacitance and 
conductance per unit length of the transmission line loaded by the fluid. The parameters 
Rf, Lf, Cf, and Gf are dependent on frequency, which we omitted for clarity. 
 There were several approaches to obtaining Rf, Lf, Cf, and Gf for the known fluid 
samples, including finite-element simulation [23], direct measurement [23], and 
analytical calculation [24]-[26]. If the materials used to fabricate the microwave-
microfluidic transmission lines (including the fluid) are nonmagnetic, then Rf  and Lf 
depend solely on the metallic conductors [27]. In this nonmagnetic case, both finite-
element simulations and analytical calculations [23], [28] could be used to obtain Rf and 
Lf  from the cross-sectional dimensions of the transmission line. Then, either finite-
element simulation or conformal mapping can be used to obtain geometrical factors, m 
and n , that relate Cf  and Gf  to the complex permittivity of the fluid. The dielectric 
constant extraction method for different fluids at the full frequency band from 100 MHz 
to 110 GHz can be found in [23]. For a known fluid of complex permittivity ϵ̃f, Cf and Gf 
are  
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 Gf + iωCf =
ϵ̃f
m
+
ϵ̃q
n
,  (3-3) 
where ϵ̃q is the complex permittivity of the substrate. Note that (3-3) assumes that the 
contribution of the fluid is in parallel with that of the substrate, which is only true for a 
CPW on a dielectric with a uniform fluid on top covering both gaps. 
 After computing Rf, Lf, Cf, and Gf for the known fluid artifacts, we obtained γf and 
inserted it into the T-matrix model of the transmission line segment of length lf: 
 Tlf =  [e
-γflf 0
0 eγflf
].  (3-4) 
 Then Zf  could be used to construct the T-matrix model of the impedance 
transformer [24] that transitioned from Zo to Zf, 
 QZf
Zo =
1
2Zo
|
Zo
Zf
| √
Re(Zf)
Re(Zo)
 . [
Zo + Zf Zo-Zf
Zo-Zf Zo + Zf
] .  (3-5) 
 QZo
Zf  is the inverse of QZf
Zo . We multiplied the left and right sides of (47) by QZf
Zo and 
QZo
Zf , respectively, to obtain the T-matrix model relative to  Zo as,  
 TZo ,Zf
lf =  QZf
ZoTlfQZo
Zf .  (3-6) 
 In the next following, we develop the multistate single-connection calibration 
algorithm based on equations (3-6) and switch to a more conventional simplified notation, 
where TZo ,Zf
lf = A. 
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 Algorithm 
 After we used equations (3-6) to form the T-matrices of different known fluid 
artifacts, we derived the multistate single-connection calibration algorithm that solved for 
the error boxes X and Y̅ [Fig. 3-1(c)], which included everything between port 1 of the 
VNA to the fluid and from the fluid to port 2 of the VNA, respectively. In this case, any 
measurement (M) could be expressed as  
 M = XAY̅.  (3-7) 
 For an artifact Aa and measurement Ma, Y̅ could be solved as  
 Y̅ =  Aa
-1X-1Ma.  (3-8) 
 Inserting (3-8) in (3-7), we have  
 M = XA(Aa
-1X-1Ma).  (3-9) 
 Following [15], we could either set X or Y to be reciprocal without losing the 
generality of the error model. We chose X to be reciprocal with the form  
 X = r [
1 a
b c
],  (3-10) 
where r = (c-ab)-
1
2. This eliminated one unknown in X. We then solved for the unknown 
complex parameters a, b, and c by measuring another fluid artifact. Above equations (3-
7)‒(3-10) are all taken from [15]. 
 At least two artifacts are required to solve (3-9) for the unknown complex 
parameters a, b, and c. We chose to use measurements of the microwave-microfluidic 
device filled with air (Ma), and deionized (DI) water (Mw). The corresponding models 
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were Aa, and Aw for air and water, respectively. We inserted  Ma, Mw  Aa, and Aw into 
equation (3-9), which imposed four conditions on the a, b, and c. These conditions were  
-[A21
w (A11
a )-1 + A22
w (A21
a )-1]a + (MwMa
-1)12b =  A11
w (A11
a )-1 + A12
w (A21
a )-1-(MwMa
-1)11 , 
  (3-11) 
[(MwMa
-1)11-A21
w (A12
a )-1-A22
w (A22
a )-1]a + (MwMa
-1)12c =  A11
w (A12
a )-1 + A12
w (A22
a )-1 . 
  (3-12) 
[(MwMa
-1)22-A11
w (A11
a )-1-A12
w (A21
a )-1]b-[A21
w (A11
a )-1 + A22
w (A21
a )-1]c =  -(MwMa
-1)21 . 
  (3-13) 
 (MwMa
-1)21a-[A11
w (A12
a )-1 + A12
w (A22
a )-1]b + [(MwMa
-1)22-A21
w (A12
a )-1-A22
w (A22
a )-1]c =
0.   (3-14) 
 where Aij is a matrix element of A. Since equations (3-11)‒(3-14) overdetermined 
a, b, and c, we used a least-squares algorithm [29] to obtain the complex values of a, b, 
and c.  
 Generally, the more artifacts included in the calibration, the more conditions there 
are on a, b, and c. Any two artifacts imposed four conditions on a, b, and c. Hence, n 
artifacts would impose 4 ×
n(n-1)
2
 conditions on a, b, and c. This means that the number 
of conditions increases quadratically with the number of artifacts. We expect that 
increasing n would improve the worst-case error comparison to the microfluidic-multiline 
TRL calibration. 
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 Validation 
3.3.1. Chip Fabrication  
 In this sub-section, we discuss the fabrication of the microwave-microfluidic device, 
the microfluidic-multiline TRL test set, and a companion dry reference wafer with 
conventional on-wafer artifacts. All of them were co-fabricated to reduce the effect of 
fabrication tolerances. We chose quartz (fused silica) as the substrate for all the devices 
due to its low dielectric loss and homogenous dielectric constant. Devices were fabricated 
on a 76.5 mm diameter and 0.5 mm thick quartz wafer, and the dimensions of quartz and 
other layers were labeled in Fig. 3-2(c). A commercial stepper that used projection 
lithography was used to pattern each layer. The stepper had layer-to-layer alignment 
better than 250 nm [30].  
 Each wafer was fabricated in five layers for resistor, pads, conductors, SU-8, and 
polydimethylsiloxane (PDMS), respectively. The resistor, pad, and conductor layers were 
deposited by electron-beam evaporation and lifted off via a two-layer resist process [31]. 
First, we deposited a 1-nm Ti adhesion layer followed by 10 nm of PdAu for the resistor 
[32]. Next, a 10-nm Ti adhesion layer was deposited followed by 100 nm of Pd for the 
pads. Later, we deposited a 10-nm Ti adhesion layer followed by 650 nm of Au for the 
conductor. The CPW had a 50-μm-wide center conductor with 5-μm gaps from 200-μm-
wide ground planes (Fig. 3-2(c)).  
 We added the microfluidics onto the wafer with the SU-8 [33] sidewalls and PDMS 
roof (Fig. 3-2). We first spin-coated the wafer with SU-8 to a thickness of 60 µm. Second, 
we patterned it with the stepper, using an exposure dose of 200 mJ /cm2, a post-exposure-
bake at 55 ℃ for 1 hour, and developed it to define the microfluidics. To remove crazing, 
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we performed a post-develop bake to 150 ℃ for 5 min, then let it cool to room 
temperature on the hot plate. After the SU-8 layer, we diced the wafer into individual 12 
mm × 12 mm dies. The PDMS layer was patterned following a procedure outlined in 
[34], which produced the PDMS layer’s microfluidic channels. Finally, we placed the 
PDMS onto the SU-8 layer under a microscope and sealed the completed microwave-
microfluidic with a clamp.  
 The completed microwave-microfluidic device (Fig. 3-2) had inlet and outlet for 
the microfluidic channels. The device consisted of a full microfluidic-multiline TRL test 
set with four transmission lines of lengths (0.5, 0.85, 1.55, 3.314) mm and a 0.25-mm 
offset short-circuit reflect. We selected the 0.85-mm line to demonstrate the multistate 
single-connection calibration (Fig. 3-2(b)). The companion dry reference wafer had 
identical conductor cross-sections to the microwave-microfluidic device. On this wafer, 
we fabricated a 10-μm series resistor, a 10-μm series capacitor, a short-circuit reflect, and 
seven bare CPW transmission lines with lengths (0.420, 1.000, 1.735, 3.135, 4.595, 7.615, 
9.970) mm. Each lumped element artifacts had a 0.21 mm offset, which was half the 
length of the 0.42 mm thru.  
3.3.2. Measurements 
 We measured the S-parameters of the microwave-microfluidic device, the 
microfluidic-multiline TRL test set, and the dry calibration artifacts on the companion 
reference wafer, using an intermediate frequency bandwidth of 50 Hz and a power level 
of -20 dBm for the Anritsu MS4647A VNA with extender heads. The small input power 
is used to ensure the extender heads were linear. However, one must take care when 
performing microwave-microfluidic measurements, as some fluids may absorb 
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microwave energy. The measurement setup is probe-based and the S-parameters were 
measured from 100 MHz to 110 GHz in 512 logarithmic steps. The measurements were 
performed on a temperature-controlled probe station at 28.5 ± 0.5 °C. The quality of the 
calibration is dependent on the temperature dependence of the microwave-microfluidic 
device, and the temperature sensitivity of the states. We tested the temperature 
dependence of our microwave-microfluidic device and its associated calibration by 
varying the temperature dependence of the model and recalculating the difference 
between microfluidic-multiline TRL and our approach. The result of this test proved that 
our microwave-microfluidic device was insensitive to deviations on the order of 1 °C. 
And 1 min is also ample amount of time to assume thermal equilibrium between injected 
fluids and the probe station which we measured directly. After measuring the dry 
calibration artifacts on the companion reference wafer, we placed the microwave-
microfluidic device onto the temperature-controlled probe station. Then the raw S-
parameters of the device were measured with the microfluidic channel filled with air, DI 
water, and 30 w% and 3 w% saline solutions. We first flushed out the channels with air 
followed by DI water three times to make sure the channels were clean, and then injected 
new fluids. Since the time to clean the channel is a function of the fluid flow rate and the 
total channel volume, it takes roughly 0.01 s to completely change fluids. A microfluidic 
switch could be used to automatically control and change artifacts during the calibration, 
which would reduce the time between measurements and minimized the effect of 
measurement drift with the time. 
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3.3.3. Analysis 
 The analysis is divided into two parts: 1) the microfluidic-multiline TRL test set 
and 2) the microwave-microfluidic device. To analyze the S-parameters of the 
microfluidic-multiline TRL test set, we performed a two-tier calibration [18], which used 
the S-parameters of the multiline TRL calibration artifacts on the companion reference 
wafer to extract error boxes between the VNA and the probe tips. This first-tier calibration 
also extracted the propagation constant of the CPW without the microfluidics, which we 
assumed was equal to the microwave-microfluidic CPW with air in the channel. In this 
step, we also corrected the data for the switch terms [35]. Next, we transformed the 
reference impedance to 50 Ω using the resistor, and empirically computed the capacitance 
per unit length of the CPWs on the quartz substrate (Cq =  
ϵ̃q
m
∵ Gq ≈ 0 )[23]. Having 
obtained Cq [air, Figs. 3-3(c) and 3-3(d)], we used the propagation constant to obtain Rf 
[Fig. 3-3(a)] and Lf [Fig. 3-3(b)]. It is true that most the frequency dependence of loss is 
consistent with the classical skin effect, but the geometrical effects can also have a 
significant role for the CPW configuration [28], [36]. We then corrected the S-parameters 
of the microfluidic-multiline TRL test set to 50 Ω, and performed a second-tier calibration 
to obtain γf and the second-tier error boxes. We calculated Cf and Gf from γf using Rf 
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and Lf, which allowed us to transform the second-tier error boxes to 50 Ω. This enabled 
us to verify that the modeled values of Cf and Gf were consistent with the measurements 
and the literature [23]. Finally, we cascaded the first-tier error boxes with the second-tier 
error boxes to construct the total error boxes that extended from the microfluidic channel 
to the VNA in 50 Ω.  
 In addition to extracting Rf , Lf , Cf , and Gf  from measured S-parameters, we 
calculated these parameters (solid lines, Fig. 3-3) for the water and air cases based on 
finite-element simulations of the microwave-microfluidic device (Fig. 3-4), using the 
measured DC resistivity of gold (ρ = 2.57×10-8 S/m), relative permittivity of substrate 
 
Figure 3-3. Distributed resistance R (a), inductance L (b), capacitance C (c), and conductance G 
(d) for microwave-microfluidic coplanar waveguide under air or water. The finite-element 
simulated results are shown as solid lines while multiline thru-reflect-line (TRL) extracted results 
are shown in dotted lines. The finite-element simulations agreed with the multiline TRL 
measurements to within the measurement uncertainty 
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(ϵr = 3.83) and literature values for the permittivity of air and water ( = 76.39, τ1 =
7.39 ps, ε2 = 5.75, τ2 = 0.9 ps, ε∞ = 4.6) [37]. We optimized the mesh of the finite-
element simulation with a 1 % convergence on the calculated admittance. 
 After confirming that the simulated Rf, Lf, Cf, and Gf agreed with the microfluidic-
multiline TRL-corrected result to within the measurement uncertainty, we used the finite-
element simulations to construct S-parameter models of the microwave-microfluidic 
device filled with air (Aa), water (Aw), and 30 w% saline (As) based on equations (3-
1)‒(3-6). We then used these models and the measured raw S-parameters Ma, Mw, and 
Ms [Fig. 3-5(a)] in multistate single-connection calibration based on equations (3-11)‒(3-
14). Note that the discontinuity around 30 GHz in raw data is purely due to the specific 
VNA using extender heads. These multistate single-connection model Aa, Aw, and As 
[solid line, Fig. 3-5(b)] compared well with microfluidic-multiline TRL-corrected results 
[circles, Fig. 3-5(b)]. In both cases, the reference planes of both the microfluidic-multiline 
TRL calibration and the single-connection calibration are at the planes of the interface 
between the SU-8 and fluid with a reference impedance of 50 Ω.  
 
 
Figure 3-4. Finite-element simulated electric field distribution across a water-filled microwave-
microfluidic device. The electric field is strongest in the coplanar waveguide gap.  
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 With three sets of error boxes from the microfluidic-multiline TRL calibration, 
consisting of multistate single-connection calibration with two known fluids (air, water), 
and multistate single-connection calibration with three artifacts (air, water, and 30 w% 
saline), respectively, we used each set of error boxes to correct the as-measured S-
parameters of the microwave-microfluidic device filled with an “unknown” fluid (3 w% 
saline, in reality). The corrected S-parameters agreed with microfluidic-multiline TRL 
calibration [green triangles, Fig. 3-6(a)] and the multistate single-connection calibrations 
(two artifacts: blue circles; three artifacts: red squares). Both the reflection [left-axis, Fig. 
3-6(a)] and transmission [right axis, Fig. 3-6(a)] agreed between calibration methods up 
to 20 GHz. Above 20 GHz, both reflection [left-axis, Fig. 3-6(a)] and transmission [right 
axis, Fig. 3-6(a)] deviated from the microfluidic-multiline TRL results. The deviation 
from microfluidic-multiline TRL results was much larger for the two-artifact case [blue 
circles, Fig. 3-6(a)] compared to the three artifact case [red squares, Fig. 3-6(a)]. For 
frequencies above 60 GHz, the three-artifact case also disagreed with the microfluidic-
multiline TRL result. We hypothesize that additional artifacts would place more 
constraints on a, b, and c in equations (3-11)‒(3-14),  which would further improve the 
agreement between the multistate single-connection calibration and microfluidic-
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multiline TRL calibration. The method to extract the permittivity of saline solution over 
such broad frequency bandwidth has been well studied [38]. 
 To better illustrate the difference between the corrected S-parameters, we calculated 
an error function [Serr, Fig. 3-6(b)],  
 |Serr| =  √∑ |Sij
SCC- Sij
TRL|
2N=2
i,j=1  ,  (3-15) 
 where Sij
TRL  were microfluidic-multiline TRL-corrected S-parameters and Sij
SCC 
were multistate single-connection corrected S-parameters. This error function facilitates 
 
Figure 3-5. Demonstration of the multistate single-connection calibration. (a) As-measured 
reflection and transmission coefficients from 100 MHz to 110 GHz for the microwave-
microfluidic device filled with air (red triangles), water (blue squares) and 30 w% saline (yellow 
dots), respectively. (b) The models used to generate the multistate single-connection calibration 
(black lines) and microfluidic multiline thru-reflect-line (TRL) corrected results (dots). The 
models used to compute the multistate single-connection calibration agree with the microfluidic-
multiline TRL results to within the measurement uncertainty. 
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visualizing the difference between the two calibrations, as well as the effect of additional 
artifacts. As shown in Fig. 3-6(b), Serr was less than -60 dB below 20 GHz, but increased 
according to a power law above 20 GHz. Yet, even at 110 GHz, the Serr  was less than -
40 dB for the three-artifacts case. [red circles, Fig. 3-6(b)].  
 
 
(a) 
 
(b) 
Figure 3-6. Validation of the multistate single-connection calibration relative to finite-element 
simulations and microfluidic multiline thru-reflect-line (TRL). (a) Comparison and (b) error of 
reflection and transmission coefficients of the microwave-microfluidic device filled with 3 w% 
saline single-contact corrected with two (blue circles) or three (red squares) artifacts vs. multiline 
TRL-corrected results (green triangles).  This demonstrates that the multistate single connection 
calibration is consistent with microfluidic-multiline TRL.  
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3.3.4. Discussion 
 We established a multistate single-connection calibration algorithm and technique 
for microwave-microfluidic devices, providing an accurate calibration at the reference 
planes of the microfluidic channel to a reference impedance of our choosing for 
frequencies up to 110 GHz. We demonstrated the single-connection calibration algorithm 
with microwave-microfluidic devices filled with air, water, and 30 w% saline. We then 
used finite-element simulation and literature values to construct models that we validated 
with microfluidic-multiline TRL calibration. Next, we applied the single-connection 
calibration using two or three known fluids, and compared the results to microfluidic-
multiline TRL calibration. With three artifacts, multistate single-connection calibration 
produced the least-square error from the microfluidic-multiline TRL calibration below ‒
30 dB from 100 MHz to 110 GHz. 
 In conclusion, we developed a multistate single-connection calibration algorithm 
that can be performed by simply measuring known fluids, which is essential for the 
commercialization of microwave-microfluidic devices. This calibration protocol could be 
easily extended to packaged devices by connectorizing the microwave microfluidics. 
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 Broadband Electrical Characterization of a 
Live Biological Cell with in situ Single-connection 
Calibration 
 With emerging broadband electrical characterization of individual biological cells 
[1], fast, accurate, and in situ calibration is needed for high-throughput cytometers [2], 
in particular, for de-embedding the as-measured scattering (S) parameters to reference 
planes as close to the cell as possible [3]‒[5]. However, traditional coaxial or on-wafer 
calibration based on short-open-load-through (SOLT) [6], load-reflect-match [7], and 
series-resistor [8] standards requires different measurement connections from cell 
characterization, making them impractical for a cytometer. Additionally, re-connection 
errors introduced by moving probes or exchanging standards [9] are significant for 
single-cell characterization, which requires better- than-0.01-dB precision for the S-
parameters. To overcome the challenge, we have developed a single-connection 
calibration technique using different liquid standards and validated it for liquid 
characterization [10]. This chapter expands on [10] mainly by applying the calibration 
technique to cell characterization instead of liquid characterization. 
 Traditional broadband electrical characterization techniques [3]‒[5] are based on 
uniform transmission lines as calibration standards, which can be used to characterize 
unknown liquids or to trap multiple cells at random locations [1]. However, they are not 
suitable to trap a single cell in a precise location. In comparison, the present technique is 
based on a coplanar waveguide (CPW), which is uniform except a small protrusion in 
one of its ground electrodes (Fig. 4-1). The CPW with such a defected ground can double 
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as the calibration standard when covered by different liquids. The protrusion is so small 
that, although it perturbs the local field sufficiently to precisely trap a cell at its tip by 
dielectrophoresis (DEP) [11], it does not disturb significantly the global characteristics 
of the CPW. In fact, even though the uniform CPW hasn’t been optimized by taper for 
different sections shown in [12], it still remains nearly ideal so that its reflection 
  
 (a)  (b) 
 
(c) 
Figure 4-1. (a) Schematic illustration of the test chip comprising a microfluidic channel 
intersecting a CPW at a right angle. (b) Micrograph showing one of the ground lines of the 
CPW has a protrusion in the middle. (c) High-magnification micrograph showing a cell trapped 
by DEP at the tip of the protrusion. 
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coefficient |S11| < -10 dB and its transmission coefficient |S21| > ‒2.5 dB between 0.5 and 
9 GHz, even when covered by a sucrose solution shown in Fig. 4-2. 
 The precision of the present calibration technique is tested on different cells from 
the same line, which are chemically treated to result in different nucleus sizes [13]. The 
test takes advantage of the capacity of the microwave signal to noninvasively detect 
subtle changes inside a cell. Morphological changes of the cell nucleus are well-known 
screening, diagnostic and prognostic markers in cancer cytology [14]. Analysis of nuclear 
morphology is critical to identification of precancerous or cancerous cells. Currently, 
abnormalities in nucleus morphology are mostly determined through fluorescence 
microscopy, which is invasive due to labeling [15]. Label-free electrical characterization 
not only can increase the speed and accuracy of cancer diagnosis over label-dependent 
optical techniques, but also can enable real-time dynamic monitoring of cancer cell nuclei, 
which will contribute to fundamental understanding of cell development and malignancy 
progression. 
 
Figure 4-2. Measured magnitudes of S11 and S21 with the microfluidic channel filled with air (‒‒) 
and sucrose solution (- - -), respectively. 
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 Experimental Preparation 
4.1.1. Test Chip Design 
 Similar to that of [12], Fig. 4-1 shows that the test chip comprises a microfluidic 
channel intersecting a CPW at a right angle. The microfluidic channel is formed on the 
CPW by 20-μm-thick SU8 walls and a 5-mm-thick polydimethylsiloxane (PDMS) cover. 
The SU8 is lithographically defined to be 2.4-mm wide and 200-μm apart, leaving in 
between a microfluidic channel 200-μm wide and 20-μm high. The CPW is based on 
gold lines 1-cm long and 0.5-μm thick on top of a 0.5-mm-thick quartz substrate. The 
widths of the center and ground lines of the CPW are both 200-μm. The lines are 
generally spaced 16-μm apart, except one of the ground lines has a 6-μm protrusion to 
enhance the local electric field for DEP trapping of a cell, which shunts the center 
electrode to the ground electrode as shown in Fig. 4-1(c). 
4.1.2. Electrical Measurement Setup 
 Fig. 4-3(a) shows the present electrical measurement setup is based on a homemade 
microwave probe station on top of a Nikon Eclipse Ti-E inverted fluorescence 
microscope. The microscope is equipped with a three-color video camera capable of 100 
frames/s for simultaneous optical microscopy and electrical measurement. The test chip 
is connected through a pair of Cascade Microtech ACP40 GSG probes to a Keysight 
Technologies E5080A VNA for two-port S-parameter measurements. Successive 
measurements are performed in approximately 1 min by programing the frequency and 
power of the same VNA through a sequence of DEP trapping (10 MHz, 0 dBm), electrical 
characterization (0.5‒9 GHz, −18 dBm), DEP detrapping (10 kHz, 3 dBm), and electrical 
characterization again without the cell [16]. Since the VNA can quickly switch between 
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trapping and characterization, S parameters can be measured without the interference of 
the DEP signal and with the cell remaining trapped. The measured S parameters at the 
probe tips are de-embedded to the edges of the microfluidic channel using liquid 
standards as described in the following. As the 200-μm wide × 20-μm high channel used 
in this experiment is mainly optimized for the cell trapping and characterization, the 200-
μm × 20-μm liquid standards are hard to calibrate the error matrixes all the way from 
 
(a) 
 
 
(b) 
Figure 4-3. Photographs of measurement setup for (a) S-parameters of the test chip and (b) 
permittivity of the liquid standard.  
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VNA to the microfluidic channel, which is approximate 1 meter apart. Hence, the first-
tier calibration needs to be done or recalled before the second-tier liquid calibration. 
4.1.3. Liquid Standards Preparation 
 For liquid standards, deionized (DI) water, sucrose solution, and RPMI-1640 
culture medium are chosen for their compatibility with cells, SU8, PDMS, gold, and quartz. 
The sucrose solution is an isotonic solution of 8.5% sucrose and 0.3% dextrose. The RPMI-
1640 medium is from Sigma-Aldrich and is mixed with 10% fetal bovine serum, 100 
units/mℓ penicillin, and 100 µg/mℓ streptomycin. The standards are freshly made and 
characterized on the same day as the cell measurement. Fig. 4-3(b) shows that the liquid 
standards are characterized by using a Keysight Technologies 85070E dielectric probe in 
conjunction with a Keysight Technologies N4691-60006 300 kHz – 26.5 GHz E-Cal 
module and the same VNA used for cell measurement. Fig. 4-4 shows that the liquid 
standards have similar permittivities ε = ε’ – jε”, except ε” for the RPMI solution is much 
 
Figure 4-4. Measured real and imaginary parts of the permittivity of DI (‒‒), sucrose (· · ·), and 
RPMI (- - -) solutions. 
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higher at low frequencies, reflecting its high ion concentration. The DI water result agrees 
with the literature [17]. 
4.1.4. Cell Preparation 
 For proof of principle, Jurkat T-lymphocyte human cells are chosen for their large 
size (diameter ~ 10 μm), simple structure, and nonadherent nature. The cells are cultured 
in the RPMI solution under 37 °C and 5% CO2. To reduce the nucleus size by 
approximately 30% [13], some cells undergo additional treatment by a solution of 460 
µg/mℓ staurosporine in dimethyl sulfoxide up to 3 h [18]. Untreated cells are kept as a 
control. All cells, treated or not, are twice washed and re-suspended in the sucrose solution 
to a concentration of 3 × 106 cell/mℓ for electrical measurement. Cell viability is verified 
in a separate experiment with Trypan Blue dye, which confirms that more than half of cells 
survive after 10 h [1]. For electrical measurement, cell suspensions are flown through the 
microfluidic channel on the test chip at a rate of 0.1 μℓ/min controlled by a syringe pump. 
For calibration, cell suspensions are sequentially replaced by DI, sucrose, and RPMI 
solutions without lifting the probes or otherwise changing the electrical measurement 
connection. 
 Calibration Technique and Standards 
 Conventionally, to solve the two-port liquid calibration problem, wave-cascading 
matrices (T matrices) X and Y are used to represent the unknown error boxes. Let ijxS  and 
ijyS  (i, j = 1 or 2) represent the S-parameters of the respective calibration error boxes. 
Then X and Y can be expressed using ijS  as follows in detail form: 
Equation 4-1 
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 Briefly, using the technique, the T matrix M which is calculated from as-measured 
S-parameter, can be related to the T matrix A of the CPW section under the microfluidic 
channel, after solving the left and right error matrixes X and Y, 
Equation 4-3 
 
1 1;M XAY A X MY   , (4-3) 
 
 There are totally 7 complex unknowns from X and Y in detail forms, i.e., the real 
and imaginary parts of 
11xS , 22xS , 12x 21xS S , 11yS , 22yS , 12y 21yS S , and 21x 21yS S . Two sets of 
measurements can generate in total 16 measured quantities to solve above unknowns. 
 To de-embed the measured S parameters to the edges of the microfluidic channel, 
the recently developed single-connection multistate calibration technique is used [10]. The 
error matrices calculation procedure can be simplified by setting X in the following form 
[8]: 
Equation 4-4 
 
1 a
X r
b c
 
  
  , (4-4) 
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and r = (c – ab)‒1/2. 1 1Y A X M   can be calculated once X is decided. To solve for the 
above three unknown parameters a, b, and c, at least two measurements using two 
different liquid standards (M1 = XA1Y, M2 = XA2Y) can be used to form the following four 
over-determined independent equations:  
 21 12 11 11 0STD M M STDT a T b T T     , (4-5) 
  11 22 12 12 0M STD M STDT T a T c T    , (4-6) 
  22 11 21 12 0M STD STD STDT T b T c T    , (4-7) 
 21 12 22 22( ) 0M STD M STDT a T b T T c    , (4-8) 
 
where TSTD = A2A1
−1 and Ta = M2M1
−1. Although not absolutely necessary, more equations 
from measurements of more than two standards can ensure convergence to the global 
optimum, especially avoid manually providing it with good initial guesses of the 
calibration coefficients to solve the above non-linear equations. For the results described 
in the following, three standards of DI, sucrose, and RPMI solutions are used. 
 The standards such as A1 and A2 are generated by using the electromagnetic 
simulator HFSS with the structure of the microfluidic channel and the permittivities from 
the literature [17] and measurements of Fig. 4-4. Fig. 4-5 illustrates the simulated field 
 
Figure 4-5. Simulated electrical-field distribution at 5 GHz on the cross section through the 
protrusion in the ground electrode as indicated by A’-A” in Fig. 4-1(c), with the microfluidic 
channel filled with DI water. The field is stronger on the right side because of the protrusion. 
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distribution on the cross section through the protrusion in the ground electrode as 
indicated by A’-A” in Fig. 1(c), with the microfluidic channel filled with DI water. The 
simulation generates also ADI, ASUCROSE, and ARPMI as shown in Fig. 4-6. Presently, finite-
element simulation is necessary because a relatively thin (20 μm) microfluidic channel 
is used to facilitate cell trapping, so that the field penetrates into the PDMS cover as 
shown in Fig. 4-5. This multi-dielectric channel precludes analytical modeling such as 
conformal mapping [4], [19], [20]. 
 
(a) 
 
(b) 
Figure 4-6. (a) Magnitude and (b) phase of simulated S parameters for the CPW section under 
a microfluidic channel filled with DI (‒‒), sucrose (· · ·), or RPMI (- - -) solution. 
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 To check self-consistency, Fig. 4-7 shows both as-measured and de-embedded S 
 
(a) 
 
(b) 
 
(c) 
Figure 4-7. (a) Magnitude and (b) phase of as-measured, and (c) magnitude of de-embedded S 
parameters for the CPW section under a microfluidic channel filled with DI (‒‒), sucrose (· · ·), 
or RPMI (- - -) solution. 
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parameters with the microfluidic channel filled with, DI, sucrose or RPMI solution. The 
de-embedded S parameters shown in Fig. 4-7(c) are obtained by using the calibrated error 
matrixes X −1 and Y −1 as described in the above. It can be seen that the de-embedded ADI, 
ASUCROSE, and ARPMI agree with that simulated as shown in Fig. 4-6(a). 
 Results and Discussion 
 Fig. 4-8 shows the de-embedded S parameters of the CPW section under a sucrose-
filled microfluidic channel with and without a cell trapped. The two cases are difficult to 
separate because the shunting effect by a high-impedance cell is on the order of 0.01 dB 
[12]. To make the difference more visible, the differences is replotted by itself in Fig. 4-
9 as 
 
 
 
 
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11
11
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Figure 4-8. De-embedded S parameters of the CPW section under a sucrose-filled microfluidic 
channel with (‒‒) and without (· · ·) a cell trapped.  
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 Additionally, averages and standard deviations of Δ|S11| and Δ|S21| of repeated 
measurements are grouped for treated and untreated cells, respectively. Altogether the 
measurements are repeated nine times on three treated cells and six untreated cells, with 
each cell measured only once. In general, whether a cell is treated or not, Δ|S21| increases 
with increasing frequency and Δ|S21| < Δ|S11|. This is consistent with the theoretical 
analysis [21], independent of the calibration technique. 
 
(a) 
 
(b)  
Figure 4-9. (a) Δ|S11| and (b) Δ|S21| for treated (○) and untreated (▲) cells measured 
individually. 
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 To make the difference between treated and untreated cells even more visible, Fig. 
4-10 plots the average Δ|S11| and Δ|S21| on a 5X vertical scale. It can be seen that, despite 
the noises, there appears to be a trend that Δ|S11| and Δ|S21| of treated cells are smaller 
than that of untreated cells. This trend seems reasonable considering the permittivity of 
the cell nucleus deviates more from that of the sucrose solution than that of the cytoplasm 
[22]. Therefore, with a smaller nucleus the treated cells would have a smaller effect when 
they displace the sucrose solution in the trap. However, this trend is opposite of that 
 
(a) 
 
(b) 
Figure 4-10. Measured average (a) Δ|S11| and (b) Δ|S21| for treated (○) and untreated (▲) cells. 
Trend lines by 6th order polynomial fitting are shown to aid visibility. 
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extracted by using conventional on-wafer SOLT calibration standards [13]. Be aware that 
the CPW shunt configuration using in [13] has taper design, which may change the trend 
globally. Short of more systematic investigation especially circuit modeling, presently it 
is difficult to determine which calibration technique is more reliable. The value of this 
paper is mainly in demonstrating another calibration technique that can be conveniently 
incorporated in a cytometer. Much more work is needed to demonstrate its validity and 
to improve its accuracy. 
 With improved calibration accuracy to de-embed the S parameters to the edges of 
the microfluidic channel, the channel width can be shortened (e.g., from 200 μm to 20 
μm) to enhance the contrast of Δ|S11| and Δ|S21|. This should in turn increase the 
sensitivity of single-cell characterization. 
 The present calibration technique can be improved by adding nonaqueous 
calibration standards such as methanol or ethanol, which permittivity differs significantly 
from that of water especially at high frequencies. However, their poisonous effect on live 
cells cannot be neglected. 
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 Conclusions 
 Conclusions of this Dissertation 
 This dissertation studies critical topics on broadband electrical characterization of 
a Live biological cell. The impedance spectroscopy of live Jurkat T-lymphocytes human 
cells was characterized in a single sweep spanning six decades of frequency from 9 kHz 
to 9 GHz for the first time. The ultrawide bandwidth overcome the limitations of 
characterizations at only kilohertz-megahertz frequencies or only microwave frequencies, 
and allowed both membrane and cytoplasm characteristics to be reliably extracted in the 
same measurement. An equivalent circuit of four nondispersive elements, RM, CM, RC, 
and CC, was found sufficient to fit the so-called β relaxation over the frequencies 
measured. Although an equivalent circuit does not necessarily reflect the underlying 
physical mechanism, the analysis showed that dispersive cell characteristics do not 
necessarily imply dispersive cell compartments, and may originate from the 
heterogeneous cell structure. The extracted RM, CM, RC, and CC are in general agreement 
with the literature. In fact, the present RM of 1.5 ± 0.3 MΩ and CC of 6.4 ± 0.1 fF are 
believed to be more reliable due to the low-conductivity solution and the microwave 
frequency used. 
 The present analysis showed the nearly constant cell characteristics below the β 
relaxation could be used to extract CM and RM, respectively, whereas the nearly constant 
cell characteristics above the β relaxation could be used to extract CC and RC, respectively. 
Those results also agree with the well-known physical mechanism of β relaxation where 
the ions are not fast enough at the membrane interface when the frequency grows [1]. 
Additionally, the β relaxation frequency and sharpness could be used as for consistency 
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check or to separate nuclear characteristics from cytoplasm characteristics. The present 
sensitivity analysis validates the previous empirical conclusions that, the membrane 
resistance is best extracted from the return loss of a cell trapped in shunt configuration 
and measured at low microwave frequencies, whereas the cytoplasm capacitance is best 
extracted from the insertion loss of a cell trapped in series configuration and measured at 
high microwave frequencies. The present sensitivity analysis also can be used to guide 
the design of high-throughput measurements with more complicated cell models and 
equivalent circuits in the future. 
 Thanks to the careful characterization of cells and arising the novel single-
connection liquid calibration technique, for the first time, in situ single-connection 
calibration by multiple liquid standards is demonstrated for broadband characterization 
of a live cell. The characterization is based on quickly trapping and detrapping the cell 
by DEP on a CPW with a small protrusion in one of its ground electrodes, which doubles 
as the calibration standard when covered by different liquids. The results show that the 
calibration technique is sufficiently precise to differentiate cells of different nucleus sizes. 
With improved accuracy and throughput, the technique may enable broadband electrical 
characterization of single cells in a high-throughput cytometer. 
 Recommendation for Future Study 
 As described in Chapter 3, future work will include an uncertainty analysis on the 
multistate single-connection calibration to clearly define the error and repeatability of the 
experiment and test microfluidic techniques to achieve variable states. Two key questions 
remain: 1) how different do the impedance states of the artifacts need to be; and 2) how 
increasing the number of states improves the calibration accuracy. 
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 Besides as mentioned in Chapter 4, short of more systematic investigation 
especially circuit modeling, presently it is difficult to determine which calibration 
technique is more reliable. The value of this work is mainly in demonstrating another 
calibration technique that can be conveniently incorporated in a cytometer. Much more 
work is needed to demonstrate its validity and to improve its accuracy. 
 With improved calibration accuracy to de-embed the S parameters to the edges of 
the microfluidic channel, the channel width can be shortened (e.g., from 200 μm to 20 
μm) to enhance the contrast of Δ|S11| and Δ|S21|. This should in turn increase the 
sensitivity of single-cell characterization. The present novel calibration technique can be 
improved by adding nonaqueous calibration standards such as methanol or ethanol, 
 
(a) 
 
(b) 
Figure 5-1. (a) Diagram of the microfluidics fast switching system. (b) Diagram of the switch 
which is used to quickly switch different liquids. 
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which permittivity differs significantly from that of water especially at high frequencies. 
However, their poisonous effect on live cells cannot be neglected. 
 Finally, the main recommendation for the future studies can be achieving fully 
integrated high-throughput single cell microwave measurement. The microfluidics fast 
switch system shown in Fig. 5-1 will be totally controlled by the computer, so it can 
quickly be switched from one to another liquid including the calibration liquid standards 
and biological samples. By using this switch, we can easily switch as many as ten 
different liquids for our liquid calibration and high-throughput single cell measurement 
purpose. 
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